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INTRODUCTION
A
wide variety of structural and biochemical techni-
ques are available to study the mechanistic princi-
ples underlying the enzymatic catalysis of chemical
reactions. The addition of imaging and molecular
manipulation techniques to the toolbox of biophys-
ical chemistry has enabled researchers to study the behavior
of individual molecules. The ability to record ‘‘molecular
movies’’ of enzymes at the single-molecule level, and thus
remove averaging over large numbers of molecules partici-
pating in the reaction, has provided unique insights into
their dynamics and reaction mechanisms. These develop-
ments have led to a greater understanding of biological pro-
cesses which include, but are not limited to, active cellular
transport,1–6 muscle contraction,7–11 ion transport,12 ATP
synthesis,13–15 and redox reactions.16
A ﬁeld of signiﬁcant activity within the single-molecule
community is the study of processes that act upon DNA. The
robustness of DNA as a substrate and the development of
techniques to manipulate individual DNA molecules17 have
allowed a large number of nucleic-acid enzymes to be charac-
terized at the single-molecule level. The results of these stud-
ies have contributed to new insights in the areas of transcrip-
tion,18–23 recombination,24–30 repair,31 and replication.32–37
The physical properties of DNA itself have been thoroughly
characterized by stretching individual DNA molecules and
monitoring their length as a function of parameters such as
force and torque.38 In this review, I will discuss how changes
in the physical properties of DNA can be exploited to study
the dynamics of nucleic-acid enzymes at the single-molecule
level.
MEASURING ELASTIC PROPERTIES OF DNA
The recent development of methods to mechanically manip-
ulate single DNA molecules has led to a detailed understand-
ing of the mechanical properties of DNA.38 The controlled
stretching of individual DNA molecules allowed researchers
to quantitatively describe the mechanical properties of dou-
ble-stranded DNA in terms of theoretical models originally
developed to describe the behavior of ideal polymers.39,40
The following section will discuss the differences in elastic
properties between single- and double-stranded DNA and
how they can be used to study the activity of nucleic-acid
enzymes at the single-molecule level.
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Mechanical Manipulation of Individual
DNA Molecules
By immobilizing one end of a linear DNA molecule and
exerting a force on the other end, the molecule can be
stretched and its extension studied under a variety of physical
and biochemical conditions. Typically, the force is applied on
the DNA through a small bead attached to the free end of the
molecule. Force is exerted on the bead by laminar ﬂow, a
magnetic ﬁeld, or optical trapping.
Flow Stretching. A laminar ﬂow of aqueous buffer can be
used to exert forces on objects by transfer of momentum
from the ﬂuid to the object. DNA can be attached on one
end to the surface of a ﬂow chamber and on the other end to
a polystyrene bead whose viscous drag exerts a force on the
DNA.41–43 Combining the ﬂow stretching with low-magniﬁ-
cation wide-ﬁeld optical microscopy allows for a simultane-
ous observation of multiple bead-DNA tethers. This multi-
plexing is essential for gathering statistically signiﬁcant sam-
ple sizes and for observing the low-probability events
associated with the activity of complex, multiprotein machi-
neries. A drawback of ﬂow stretching is that forces cannot be
changed rapidly. Furthermore, residual instabilities in ﬂow
velocities result in force and spatial resolutions not as high as
can be achieved with optical or magnetic trapping.
Magnetic Tweezers. Magnetic ﬁelds can be used to manipu-
late and apply forces to DNA or proteins that are tethered to
paramagnetic beads, with the unique advantage that the pres-
ence of a preferred magnetization axis in the magnetic beads
allows them to be aligned with the direction of the applied
magnetic ﬁeld.44–46 This method enables individual DNA
molecules, bound to a surface on one end and to a magnetic
bead to the other, to be over- or underwound, and thus
supercoiling to be introduced. The length of the vertically
stretched DNA is typically obtained by monitoring the trans-
versal Brownian motion of the bead or by analyzing its Airy
diffraction pattern. The resultant requirement for high-reso-
lution imaging (either temporally or spatially) prevents the
tracking of many beads simultaneously.
Optical Trapping. Optical tweezers exploit the fact that light
exerts force on matter. Dielectric particles, such as polysty-
rene beads or bacteria, are attracted to the center of a tightly
focused laser beam and can be trapped there.47,48 The force
exerted on the object depends on the power of the laser,
the dimensions of the object, and the difference in index
of refraction between the object and the surrounding me-
dium. The large range in forces that can be applied (100 fN–
100 pN) makes optical trapping techniques suitable for the
investigation of the effect of force on biochemical proc-
esses.49 The high spatial accuracy associated with optical
trapping has enabled measurements of translocating nucleic-
acid enzymes with a resolution of a single base pair.19 Gener-
ally, only a small number of beads can be trapped simultane-
ously, making multiplexed observations difﬁcult.
Elastic Properties of DNA
The relation between the extension of individual DNA mole-
cules and applied force can be characterized over a large
range of forces. Figure 1 shows force-extension data of indi-
vidual molecules of single- and double-stranded l phage
DNA. Theoretical models developed to describe the elastic
properties of polymers have been successfully applied to ra-
tionalize these results. The relation between force and exten-
sion of double-stranded DNA can be described by the worm-
like chain model (WLC), which characterizes a polymer
using a single parameter: the bending persistence length. The
WLC model treats the DNA as a ﬂexible rod that displays
smooth, random bends as a result of thermal ﬂuctuations.
The local direction of the rod loses correlation on length
scales larger than the bend persistence length. Double-
stranded DNA is considerably stiffer than single-stranded
DNA, as indicated by their different persistence lengths,
50 nm for duplex DNA39,51 and 0.8–3 nm for the single-
stranded form (with a strong dependence on the ionic
strength of the solution).50,52
The energy required to bend a stretch of DNA of a certain
length over a certain angle is linearly dependent on the bend-
ing persistence length: the shorter the persistence length, the
less energy required to bend. As a consequence, a polymer
with a short bending persistence length will adopt a more
compact random-coil structure with an average end-to-end
distance much shorter than its contour length. Extending the
molecule is entropically unfavorable because the number of
possible conﬁgurations decreases as the molecule is stretched
out. For very small stretching forces, thermal ﬂuctuations
will prevent the DNA from being extended. The ratio of the
thermal energy (kBT) to the persistence length determines
the force needed to overcome thermal ﬂuctuations and
increase the molecule’s end-to-end distance. The difference
in persistence length between single-and double-stranded
DNA results in a difference of forces needed to stretch the
polymer (0.1 pN for double-stranded and 5 pN for sin-
gle-stranded DNA).
As double-stranded DNA is stretched to a length
approaching its B-form contour length (3.4 A˚ per basepair),
the force needed to further stretch the molecule increases
sharply to several tens of pNs. Single-stranded DNA, on the
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other hand, is not constrained by a helical geometry and can
be stretched to lengths 70% larger than the double-
stranded form.53 A crossover point at 6 pN deﬁnes the forces
below which single-stranded DNA is shorter than the duplex
form and above which it can be considerably longer. As will
be discussed in greater detail in this review, these well-
deﬁned differences in length can be utilized to characterize
the activity of enzymes that convert one form of DNA into
the other.
At forces higher than 65 pN, double-stranded DNA
undergoes a reversible and highly cooperative transition into
a form that is considerably longer than B-form DNA.53,54
The exact nature of this transition is not well understood.
Measurements of the transition free energy associated with
overstretching under a variety of biochemical conditions are
consistent with DNA denaturation and unwinding, possibly
indicating a melting transition of double-stranded to single-
stranded DNA.55,56 Alternatively, it has been suggested that
overstretched DNA adopts a conformation with a distinct
base-paired structure.53,54
DNA-BINDING PROTEINS
Differences in elastic properties of the various forms of DNA
can be used to probe the activity of DNA-binding proteins.
Elastic properties of protein ﬁlaments on DNA can be deter-
mined by force-extension experiments and the kinetics of
binding by time-resolved force spectroscopy on individual
DNA molecules. These experiments will be illustrated with
two examples: RecA binding to both double- and single-
stranded DNA, and helix destabilization by single-stranded
DNA binding proteins.
RecA Filament Formation on DNA
The interaction of RecA with both single-stranded and dou-
ble-stranded DNA plays a crucial role in bacterial recombina-
tion and DNA repair.57–59 The protein catalyzes an ATP-
dependent DNA strand-exchange reaction that is the central
step in the repair of double-stranded DNA breaks by homol-
ogous recombination. RecA binds cooperatively to both dou-
ble- and single-stranded DNA and forms highly structured
ﬁlaments that facilitate the search of an invading single-
stranded DNA for sites homologous in sequence on a dou-
ble-stranded target.
Single-molecule stretching experiments have been employed
to characterize the kinetics of RecA-DNA binding and the elas-
tic properties of the resultant ﬁlaments. In the presence of ATP,
or a nonhydrolyzable analog, RecA polymerization causes
lengthening of double-stranded DNA. The persistence length
of both single- and double-stranded DNA molecules fully
coated with RecA dramatically increases to several hundred nm
(compared to 50 nm and 0.8–3 nm for naked double- and
single-stranded DNA, respectively).60–62 Both the length
increase and stiffening are believed to play an important role in
FIGURE 1 Force-extension data of single- and double-stranded DNA (ssDNA and dsDNA). (a)
At forces above the crossover point (6 pN), single-stranded DNA is longer than double-stranded
DNA. At 65 pN, the dsDNA undergoes a reversible and highly cooperative transition into a form
that is considerably longer than B-form DNA. The red line indicates a ﬁt of the force-extension
curves with the WLC model. Base pairing and electrostatic self-avoiding effects make the WLC
model break down for single-stranded DNA at lower forces.50 (b) Below the crossover point, single-
stranded DNA is shorter than the duplex DNA. Enzymatically catalyzed conversions between the
two states can be visualized by changes in DNA length. Small differences between the two data sets
in 1a and 1b can be attributed to different buffer conditions. (Figure 1a and 1b are adapted from
Refs. 37 and 35, respectively. Reproduced with permission from Macmillan Publishers, Ltd.)
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the mechanism by which RecA-DNA ﬁlaments search for
homology in a target duplex molecule.
Recent work by Fulconis et al.63 utilized the changes in
DNA length upon RecA coating to monitor strand-exchange
reactions in real time. The authors used magnetic tweezers to
stretch RecA-coated single-stranded DNA and monitored the
exchange with a strand of a duplex DNA molecule. Con-
versely, they characterized the invasion of a RecA-coated sin-
gle-stranded DNA into a stretched double-stranded DNA
molecule (see Figure 2). The ability to control the rotation of
and measure torsion in the stretched DNA allowed the
authors to demonstrate that the process of strand exchange is
able to generate torque. These observations conﬁrm the
notion that during strand invasion, rapid RecA depolymer-
ization occurs at the rear of the ﬁlament containing both the
invading single-stranded DNA and target duplex. This pro-
cess would relieve torsional stress, thereby assisting the front
of the triple-stranded ﬁlament proceed through zones in the
DNAwith less than perfect homology.
DNA Denaturation by Single-Stranded
DNA Binding Proteins
Single-molecule force-extension measurements of the DNA
overstretching transition have been used to study the DNA-
binding properties of single-stranded DNA binding proteins
(SSBs). SSBs are essential cofactors and regulators in a large
number of processes involving DNA such as replication64
and recombination.65 Through their interaction with single-
stranded DNA they prevent the formation of secondary
structure and protect the DNA from nucleolytic degradation.
The development of various techniques to stretch individual
DNA molecules with a large range of forces allowed for the
characterization of the thermodynamic and kinetic proper-
ties of single-stranded DNA coating and double-stranded
DNA destabilization by SSBs.
In particular, the cooperative transition of duplex DNA at
high stretching forces is used to study the DNA-binding
properties of SSBs. The exact force at which this transition
occurs (65 pN in physiological buffer conditions; Figure 1a
is thermodynamically analogous to the melting temperature
of double-stranded DNA. The inﬂuence of SSBs on this melt-
ing force provides information of the binding afﬁnity of the
protein for single-stranded DNA. In contrast to temperature-
induced melting, these force studies can be performed at
physiological temperatures, thus avoiding protein denatura-
tion. Pant et al.34,66 pioneered this method to study the ther-
modynamic and kinetic DNA-binding properties of the T4
bacteriophage SSB, the gene 32 protein (gp32). A characteri-
zation of the dependence of the gp32 equilibrium binding
constant on the ionic strength revealed that protein binding
is regulated by intramolecular conformational changes (For
more information, see the review by McCauley and Williams
in this issue).55
NUCLEIC-ACID ENZYMES
Conversion Between Single- and
Double-Stranded DNA
The coiling of single-stranded DNA causes it to be shorter
than double-stranded DNA at low stretching forces (<6 pN;
see Figure 1). At higher forces, single-stranded DNA is in a
more extended conformation than the double-stranded
form. Consequently, any conversion between double- and
single-stranded DNA can be monitored through a change in
total DNA length at constant force. The number of nucleo-
tides converted can be calculated using the difference
between the lengths of ssDNA and dsDNA at the stretching
force used. The total length of a molecule containing both
double-stranded and single-stranded DNA can be described
as a linear combination of the lengths of the single-stranded
and double-stranded regions: Ltot(F) ¼ Ndslds(F) þ Nsslss(F),
where Ltot(F) denotes the total extension measured at a cer-
tain force F, Nds(ss) the number of nucleotides in double-
stranded (single-stranded) form, and lds(ss)(F) the length per
nucleotide of double-stranded (single-stranded) DNA at
force F. The sum of Nds and Nss is a constant and reﬂects the
total number of nucleotides in the DNA. A measured length
change DL(F) then corresponds to DN(lss(F)  lds(F)) and
directly reﬂects the number of double-stranded basepairs
FIGURE 2 Schematic depiction of single-molecule detection of
RecA-mediated strand invasion. (a) Stretching single-stranded DNA
allows for characterization of the kinetics of RecA ﬁlament forma-
tion on single-stranded DNA. Strand invasion is observed by addi-
tion of double-stranded DNA in solution. (b) Attaching all four ter-
mini of double-stranded DNA to a bead on one end and the surface
on the other, allows for the introduction of torque in the duplex.
The effects of RecA-mediated strand invasion can be studied by
adding RecA-coated single-stranded DNA in solution. (Reproduced
from Ref. 63, with permission from Macmillan Publishers, Ltd.)
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converted to single-stranded nucleotides (or DN(lds(F) 
lss(F)) for the reverse process).
This straightforward method of observing conversions
between single- and double-stranded DNA has been success-
fully applied to the study of DNA polymerases,36,37 nucle-
ases,41 and, most recently, an entire DNA replication com-
plex.35 In the remainder of this review, these experiments will
be discussed in more detail.
Digestion of DNA by Exonucleases
Several classes of nucleases involved in repair and recombina-
tion processively degrade duplex DNA in a unidirectional
fashion to convert it into single-stranded DNA. Van Oijen
et al.41 utilized the ability to observe changes in DNA length
upon conversion from the double-stranded into the single-
stranded form to study the enzyme l exonuclease. l exonu-
clease is required for recombination in bacteriophage l and
degrades one strand of duplex DNA in the 50 to 30 direction
in a highly processive manner.67 The single-stranded DNA
produced by l exonuclease is a substrate for homologous
pairing proteins in homologous recombination.68 The crystal
structure of l exonuclease revealed a toroidal homotrimer
that presumably encircles the DNA substrate.69 The free
energy released during hydrolysis of the 50 penultimate nu-
cleotide of the target strand in the substrate DNA drives the
movement of the protein along the DNA. As a consequence,
the enzyme requires no cofactor other than magnesium.
The effect of exonuclease activity on DNA length was
characterized by attaching individual l phage DNA mole-
cules on one end to the glass surface of a microﬂuidic ﬂow
cell and on the other end to a polystyrene bead. The DNAs
were ﬂow-stretched and their lengths monitored by tracking
of the bead positions. The absolute force exerted on the
beads was obtained by a ﬁtting of the force-dependent DNA
length to the worm-like chain model.39 Enzymatic conver-
sion of double- to single-stranded DNA was observed as a
shortening of the DNA. To allow the protein to load onto
only one of the two 50 termini, the DNA was tethered to the
surface with a 30 end and to the bead with the 50 terminus of
the opposite end. Since l exonuclease is a stable trimer in so-
lution, this conﬁguration requires the protein to transiently
open before it can bind the accessible 30 terminus and
encircle the surface-attached 50 strand (see inset Figure 3a),
resulting in extremely low binding rates. The ability to
observe multiple DNA tethers simultaneously by combining
the ﬂow-stretching with wide-ﬁeld microscopy allowed the
observation of the rare instances of the protein loading on
the DNA.
The authors stretched the DNA with a force of 2 pN, a
force at which the length difference between single- and dou-
ble-stranded DNA (lds(F)  lss(F)) was maximal (Figure 1b).
The change in force, DF, required to change the extension of
the DNA, qF/qL, was also maximized at 2 pN for both single-
and double-stranded DNA. The amplitude of the Brownian
motion of the tethered bead in the direction of the DNA
(and thus the intrinsic uncertainty of the length measure-
ment) is governed by the relation hDL2i ¼ kBT/(qF/qL).44
Choosing the stretching force that corresponded to the larg-
est length changes and the smallest longitudinal noise
FIGURE 3 Single-molecule observation of l exonuclease-catalyzed digestion of DNA. (a) Two
single-molecule traces displaying complete enzymatic digestion of one strand of the 48.5-kb long
duplex substrate. Enzymatic conversion of double-stranded into single-stranded DNAwas observed
as a shortening of the DNA (inset). (b) Time derivatives of the two traces in (a) as a function of
enzyme position on the substrate DNA (Figure adapted from Ref. 41).
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resulted in an optimized signal-to-noise that allowed for con-
versions of as little as 50 basepairs to be observed.
Once digestion of DNA molecules was started, the authors
ﬂushed the chamber with buffer lacking l exonuclease. Con-
tinued shortening in cases where digestion had started
proved that single enzyme molecules were responsible for the
processive digestion of DNA instead of multiple enzymes
undergoing repetitive cycles of binding to the DNA from so-
lution, digestion of a small number of nucleotides, and sub-
sequent dissociation. The high processivity of l exonuclease
resulted in a number of events in which a single enzyme
digested one complete strand of the phage DNA (48.5 kb).
Figure 3a shows two of these trajectories, with the digestion
rates as a function of template position depicted in Figure
3b. The digestion rate exhibited large ﬂuctuations during the
processive degradation of dsDNA. The authors attributed
these ﬂuctuations to two sources: a sequence-dependent
component that has its origin in the sequence heterogeneity
of the DNA template and a component that is caused by
seemingly stochastic ﬂuctuations in the enzymatic rate.
Sequence-Dependent Digestion Rate. The authors measured
the enzymatic rate as a function of the position of the
enzyme on the l phage template DNA and averaged multiple
of these single-molecule rate trajectories to remove the con-
tribution of any stochastic ﬂuctuations in rate. Even though
the measurements of many molecules were combined, the
authors used the starting times of the individual digestions
to synchronize the traces such that the rate ﬂuctuations were
averaged as a well-deﬁned function of sequence. This averag-
ing method allowed the authors to obtain sequence-depend-
ent information that would otherwise be obscured in bulk-
phase experiments.
The enzymatic digestion cycle consists of hydrolytic cleav-
age of a phosphodiester bond in DNA, translocation along
the DNA, and melting of the 50 terminal base from neighbor-
ing bases. Hydrolysis of the phosphodiester bond is thermo-
dynamically favorable, with a free energy change of 5.3
kcal/mol in the absence of enzyme,70 and is largely independ-
ent of the identity of the nucleotides. In contrast, the free
energy change required to melt the 50 terminal base contains
two sequence-dependent contributions: (1) the hydrogen-
bonding free energy of a Watson–Crick base pair, which is
different for an AT pair (two hydrogen bonds) versus a CG
pair (three hydrogen bonds), and (2) the free energy of the
base-stacking interaction between the 50 terminal base and its
neighboring base in the same strand, which depends on the
identity of both bases.
The authors simulated sequence-dependent modulations
in the free-energy landscape encountered by the enzyme by
combining published free-energy values of hydrogen bonding
and base stacking71,72 with the known sequence of the l
phage DNA. By assuming that small modulations in the free
energy of reaction would result in highly correlated changes
in the transition energy, this thermodynamic information
could be related to single-molecule kinetics. A strong correla-
tion between the averaged rate trajectories and the predicted
ones revealed that the melting of the penultimate 50 nucleo-
tide represents a rate-limiting step in the enzymatic reaction.
The folding of the single-stranded product strand into sec-
ondary or tertiary structure was ruled out as a cause of the
observed sequence-dependent digestion rate by evaluating
the correlation between the measured rate ﬂuctuations and
the calculated modulations in the free energy of secondary
and tertiary structure formation along the ssDNA product
strand.
Stochastic Rate Fluctuations. A large component of the
ﬂuctuations in each of the single-molecule digestion rate
traces displayed no correlation with the DNA sequence.
These sequence-independent ﬂuctuations were analyzed by
calculating the autocorrelation function of Dk, C(t) ¼
hDk(0)Dk(t)i  hDki2, where the rate change Dk is evaluated
as a function of time t instead of nucleotide position. The
timescale of the decay in the autocorrelation C(t) directly
indicates the timescale of ﬂuctuations in the enzymatic
rate.16 The nonexponential nature of the autocorrelation sug-
gested multiple time scales in the rate ﬂuctuations. The pres-
ence of large ﬂuctuations in catalytic rate at a time scale com-
parable to or longer than the enzymatic cycle, also called
dynamic disorder, has also been observed in other systems16
and is thought to be associated with many long-lived con-
formers undergoing interconversion over a broad range of
timescales.73,74
Synthesis and Digestion of DNA by
Proofreading DNA Polymerases
The synthesis of a new DNA strand on a single-stranded
DNA template is catalyzed by DNA polymerases.64 Both pro-
karyotic and eukaryotic cells contain multiple DNA polymer-
ase activities involved in DNA replication, recombination,
and repair. DNA polymerases extend a DNA chain in the 50-
30 direction by adding complementary nucleotides one at a
time via 30-hydroxyl attack of the incoming nucleotide’s
alpha phosphate. Most known DNA polymerases perform
this reaction in a processive manner, incorporating thou-
sands of nucleotides, without dissociating from its template.
Bacterial DNA polymerases also possess a 30-50 exonucleolytic
activity that proceeds in a direction opposite to that of DNA
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synthesis. The exonucleolytic removal of a mismatched pen-
ultimate nucleotide provides the capability of proofreading.
Several kinetic and structural studies have demonstrated that
the rate, processivity, and efﬁciency of proofreading all strongly
depend on subtle conformational variations within the enzyme’s
active site.75,76 The ability to observe a single DNA polymerase
moving along DNAwhile incorporating nucleotides allows for a
more extensive study of the relation between enzyme-template
interaction and kinetics. Analogous to the previously described
exonuclease experiments, the rate of a single DNA polymerase
synthesizing DNA on a single-strand DNA template can be
measured by utilizing the difference between the elastic proper-
ties of single-stranded and double-stranded DNA.36,37 By means
of optical or magnetic tweezers, a force can be exerted on the
DNA template and its inﬂuence on the polymerization rate
investigated. For several prokaryotic polymerases, it has been
demonstrated that forces higher than 30–40 pN stall the
enzyme.36,37 Single-molecule studies on the DNA polymerase of
T7 bacteriophage showed that even higher forces stimulate the
exonuclease activity by several orders of magnitude.37 The
response of the enzyme’s translocation rates to a variation of the
load applied provided information on which biochemical steps
in the pathway are coupled to movement. The sensitivity of the
polymerization rate to tension indicated that the rate-limiting
step is directly affected by force. This behavior has been
explained by a change in the conformation of the enzyme during
the rate-limiting step.75 A quantitative interpretation of the
force-dependence36,37 combined with modeling studies77
revealed that this conformational change may be related to a
transient interaction of the enzyme with multiple bases of the
single-stranded DNA.
DNA REPLICATION
DNA replication involves the coordinated activity of a large
number of proteins. The replisome, the molecular machinery
of DNA replication, unwinds the double-stranded DNA, pro-
vides primers to initiate synthesis, and polymerizes nucleo-
tides onto each of the two growing strands. Remarkable pro-
gress has been made in characterizing the structural and
functional properties of the individual components; their
coordination at the replication fork is less well understood. A
recent single-molecule study by Lee et al.35 provides new
insights into how the different enzymatic activities at the rep-
lication fork are coordinated.
The general mechanism of DNA replication is highly con-
served between organisms.78,79 The helicase unwinds the pa-
rental double-stranded DNA (dsDNA) into two DNA strands
allowing two DNA polymerases, complexed with processivity
factors, to each synthesize DNA on the two single-stranded
templates. The 50 to 30 direction of polymerase-dependent
nucleic-acid synthesis permits one of these enzymes to syn-
thesize DNA in a continuous fashion on the leading strand.
The opposite orientation of the lagging strand forces the sec-
ond polymerase to restart at short intervals, using short RNA
primers made by a DNA primase. The discontinuous synthe-
sis of DNA on the lagging strand gives rise to a succession of
Okazaki fragments that are later processed and ligated into
one continuous strand. Single-stranded DNA-binding pro-
teins remove any secondary structure that may inhibit syn-
thesis and protect the stretches of transiently exposed ssDNA
from nucleolytic attacks.
The production of an Okazaki fragment requires a series
of enzymatic steps consisting of the synthesis of a primer, the
recycling of the lagging-strand DNA polymerase, and the
actual synthesis of the fragment. These steps must be com-
pleted sufﬁciently rapidly to allow the lagging-strand synthe-
sis to remain in step with the continuous leading-strand syn-
thesis. Different models have been put forward to explain
how these slow enzymatic steps can take place at the lagging
strand without losing coordination with the continuous and
rapid leading-strand synthesis.80–82
Lee et al. used single-molecule techniques to directly in-
terrogate the kinetics of leading- and lagging-strand synthe-
sis.35 The authors used the replication machinery of the T7
bacteriophage, a system that can be reconstituted in vitro
with a small number of puriﬁed proteins (see Figure 4). A
central player in T7 DNA replication is the T7 gene 4 protein
(gp4), a monohexamer encircling single-stranded DNA that
provides both helicase and primase activities.83,84 Two copies
FIGURE 4 The bacteriophage T7 replication machinery. The
replisome consists of the hexameric T7 gene 4 protein (gp4) and
two copies of the T7 DNA polymerase (T7 gene 5 protein (gp5)
complexed with E. coli thioredoxin (trx)). T7 gene 2.5 protein
(gp2.5), the ssDNA-binding protein, coats the transiently exposed
ssDNA in the replication loop. Gp4 consists of a primase and a heli-
case domain, connected by a linker region. The primase domain
consists of two subdomains: a zinc-binding domain (ZBD) and the
RNA polymerase domain (RPD) (Figure reproduced from Ref. 35).
150 van Oijen et al.
Biopolymers DOI 10.1002/bip
of the T7 DNA polymerase associate with the gp4 hexamer
and catalyze leading- and lagging-strand synthesis.
The authors ﬂow-stretched the individual DNA molecules at
low force (1–3 pN) and measured their shortening to probe
conversion from double- to single-stranded DNA. By using a
forked DNA template, a complex of one T7 DNA polymerase
and hexameric gp4 could be assembled on one end of the DNA
molecule. The protein complexes were assembled on the forked
DNA in the absence of Mg2þ. Before the reaction was initiated
with Mg2þ, the ﬂow cell was stringently washed with only buffer
and nucleotides, effectively removing all free protein from the
ﬂow cell and preventing protein exchange between the solution
and the DNA-bound complex. This situation, difﬁcult to achieve
using bulk biochemical techniques, allowed for a determination
of the true processivity and rate of the replication complex.
Leading-strand synthesis catalyzed by T7 DNA polymer-
ase converts one DNA strand arising from gp4 helicase activ-
ity into double-stranded DNA. In the absence of the lagging-
strand DNA polymerase, the lagging strand remains in the
single-stranded form. By attaching the DNA to the surface of
the ﬂow cell by the 50 (lagging) strand, leading-strand synthe-
sis could be detected as an effective shortening of the DNA
(Figure 5, trace labeled with ‘‘-rNTP’’). Even though the pri-
mase domain of the gp4 is present at the replication fork, the
absence of ribonucleotides (rNTP) prevents the primase
from synthesizing an RNA primer.
FIGURE 5 Single-molecule observation of DNA replication. (a) Single-molecule trajectories of
leading-strand synthesis (top panel). Above the traces is indicated whether ribonucleotides were
present in the reaction mixture, without which no primase activity can occur. The arrows denote
pauses. The bottom panel shows a schematic depiction of events observed in top panel. In the ab-
sence of lagging-strand synthesis, leading-strand synthesis causes the 50 tail of the DNA to be con-
verted to the single-stranded form. Attachment of the 50 end to the surface allows the monitoring
of this conversion as a change in total length of the DNA. (b) Single-molecule trajectory of replica-
tion loop formation. In the presence of excess T7 DNA polymerase, lagging-strand synthesis is initi-
ated after primer synthesis (indicated by the pause) and a replication loop is formed in the lagging
strand. Replication loop release is clearly visible as instantaneous lengthening of DNA. The lower
panels provide a schematic explanation of these events (Figure adapted from Ref. 35).
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The authors studied the primase activity of the gp4 by
addition of rNTP to the reaction mixture. Short pauses were
observed in the single-molecule leading-strand synthesis
traces (Figure 5, trace labeled with ‘‘þrNTP’’; pauses are indi-
cated by arrows) that were demonstrated to result from
primer synthesis. The observation that leading-strand syn-
thesis momentarily stops during the production of a primer
explains how the slow enzymatic events on the lagging strand
take place without leading-strand synthesis progressing too
far ahead of lagging-strand synthesis.
Lagging-strand synthesis was initiated by introducing T7
DNA polymerase into the ﬂow cell during the leading-strand
synthesis. The afﬁnity for the lagging-strand polymerase to
the helicase is weak in the absence of a primer-template, but
the production of an RNA primer ‘locks’; the DNA polymer-
ase into a stable binding mode to the helicase. The ensuing
lagging-strand synthesis leads to the formation and release of
a replication loop on the lagging strand, expressed in the sin-
gle-molecule traces as a shortening of the DNA that is fol-
lowed by an instantaneous lengthening (Figure 5b). The
pause prior to the initiation of replication loop formation
suggests that a transient halting of the whole replication fork
during primase activity is required to preserve coupling.
CONCLUSIONS
The single-molecule experiments reviewed here demonstrate
how changes in DNA length can be used to obtain real-time
information on turnover dynamics of nucleic-acid enzymes
and provide insight into their catalytic mechanisms. The
accessibility of DNA polymer properties as an observable for
activity of nucleic-acid enzymes at the single-molecule level
obviates the need for biochemical modiﬁcation of enzymes
to ﬂuorescently tag them or allow observation otherwise.
It is the understanding of an enzyme’s functioning in its
biological context that will further our knowledge of the mo-
lecular mechanisms underlying the important processes of
life. The ability of these single-molecule techniques to probe
not only the actions of individual enzymes but also their
interactions within larger, multienzyme complexes deﬁnes an
important future direction. The many conversions between
DNA forms and conformers involved in both DNA replica-
tion and recombination suggest that the tools described here
will become a powerful method to study these processes and
will contribute signiﬁcantly to our understanding of them.
The author thank the members of his research group for many
insightful discussions and Anna Kochaniak for a critical reading of
the manuscript.
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